Introduction {#S5}
============

Mice are commonly used to study the physiology of energy homeostasis and obesity. However, their small body size means that there are profound differences in thermal biology as compared to larger mammals, such as adult humans. Typically, clothed humans at room temperature (e.g., 22°C) have cold-induced energy expenditure of ≤5% of basal metabolic rate ([@R1], [@R2]). In contrast, 22°C is well below thermoneutrality for mice ([@R3], [@R4]); cold-induced thermogenesis for singly-housed mice at this temperature is 120% of basal metabolic rate ([@R5]). Despite the modest level of adaptive thermogenesis in humans, the demonstration that adult humans do have functional brown adipose tissue (BAT) has increased interest in understanding BAT and thermal physiology and in stimulating BAT as a treatment for obesity ([@R6], [@R7]).

Mice studied at thermoneutrality might better model human physiology and predict obesity treatment efficacy ([@R3], [@R8]). Chronically housing mice at thermoneutrality minimizes heat generation, including inactivating BAT and reducing heat generation via uncoupling protein-1 (Ucp1) ([@R9]). Intriguingly, at thermoneutrality mice gain more body and adipose tissue weight than at 22°C ([@R4], [@R10], [@R11], [@R12]). Similarly, BAT-deficient mice develop obesity ([@R13]) and β3-receptor null mice have increased lipid stores ([@R14]). To date, the weight loss efficacy at room temperature versus thermoneutrality has been compared for only one anti-obesity drug mechanism, chemical uncoupling by 2,4-dinitrophenol (DNP) ([@R15]). At 22°C, DNP-mediated heat generation throughout the body substituted for BAT thermogenesis, inactivating BAT with no net effect on total energy expenditure or body weight/adiposity. In contrast, at thermoneutrality (30°C) the DNP-mediated increase in energy expenditure could not be compensated by a reduction in BAT activity. Thus, total energy expenditure was increased and body weight and adiposity were reduced compared to control mice.

We now explore the effect of environmental temperature on a second potential anti-diabetic weight-loss mechanism, activation of β3-adrenergic receptors ([@R16], [@R17]). Stimulation of β3-receptors causes lipolysis in white adipose tissue (WAT) and thermogenesis in BAT. Acutely, thermogenesis requires Ucp1 ([@R18]) and adipose tissue ([@R19]), but with chronic treatment, Ucp1-independent mechanisms contribute ([@R20]). This adipose activation elicited interest in using β3 agonists for the treatment of obesity and diabetes ([@R21], [@R22]). Here we investigate the effects of the rodent β3 agonist CL316243 at both 22°C and 30°C, in mice fed either a chow or high fat diet (HFD).

Methods {#S6}
=======

Animals and drug preparation {#S7}
----------------------------

Male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) were given ad libitum access to water and chow (7022 NIH-07 diet, 15% kcal fat, Harlan laboratories) or high fat diet (D12492, 60% kcal fat, 5.24 metabolizeable kcal/g; Research Diets, New Brunswick, NJ) with a 12:12-h dark-light cycle (lights on at 0600h) and cellulose bedding (7099W White TEK-Fresh Cellulose Bedding, Harlan laboratories). At 10 weeks of age, subcutaneous infusion of saline vehicle or CL316243 was begun in weight-matched mice (25 μg/day for 28 days using Alzet \#1004 osmotic pumps infusing 0.11 μl/hr of 9.5 mg/ml CL316243, approximating 1000 μg/kg/day, see ([@R19], [@R23], [@R24])). Pump infusion has been shown to be comparable to daily injections ([@R24]). Pumps were implanted subcutaneously using a dorsal incision with ketamine/xylazine anesthesia and banamine analgesia. After pump implantation, mice were singly housed to reduce variability ([@R25]) continuing at 22°C or immediately switched to 30°C for the duration of the experiment. In a separate experiment, mice were placed on the high-fat diet at 6 weeks of age and at 10 weeks of age they were started on a 28-day treatment with vehicle or CL316243 at 22°C or 30°C, as with the chow-fed cohort. Pharmacodynamically, the ED~50~ of CL316243 for an increase in metabolic rate at 60--180 min after an ip dose is 4 to 8 μg/kg ([@R26])(Gavrilova, unpublished observations). Presumably the 25 μg/day (\~1000 μg/kg/d) dose is saturating, but we are not aware of mouse CL316243 pharmacokinetic data. Body weight and food intake were measured twice weekly. Body composition was measured the day before pump implantation and again 3 weeks later by time domain Echo MRI 3-in-1 (Echo Medical Systems, Houston, TX). Energy expenditure was estimated by energy balance, which allows long-term measurement (weeks) in the native, undisturbed home cage environment. In brief, estimated energy expenditure is calculated from the metabolizeable caloric intake, corrected for the change in caloric content of the mouse (from the change in body composition over the measurement interval) ([@R27]). Protocols were approved by the NIDDK Animal Care and Use Committee.

Glucose tolerance test, hormone and metabolite profiles {#S8}
-------------------------------------------------------

Intraperitoneal glucose (2 g/kg for chow-fed mice, 1 g/kg for HFD-fed mice, with AUC calculated from 0 mg/dl) tolerance tests were performed at 1200, following a 4 hour fast. Glucose was measured with a Glucometer Contour (Bayer, Mishawaka, IN). Liver triglyceride was measured as glycerol after KOH hydrolysis (Cayman Chemical, \#10010755). Serum was collected at 0900 by tail bleed 2 days before euthanasia for fed glucose, insulin, FFA, cholesterol, and triglycerides measurement. Serum for other measurements was taken from anesthetized (100 mg/kg ketamine and 10 mg/kg xylazine, ip) mice by retro-orbital bleed at euthanasia and frozen until assayed using the following colorimetric assays: Free fatty acids (Roche Diagnostics Gmbh, Mannheim, Germany), triglycerides (Pointe Scientific Inc., Canton, MI), cholesterol (Thermo Scientific, Middletown, VA), and β-hydroxybutyrate (BioVision, Milpitas, CA). Insulin (Millipore, St. Charles, MO) was measured by RIA. Leptin (R&D Systems, Minneapolis, MN), adiponectin (ALPCO, Salem, NH), fibroblast growth factor 21 (Millipore), free T3 and free T4 (Eagle Biosciences, Nashua, NH) were measured by ELISA.

Quantitative RT-PCR {#S9}
-------------------

RNA was extracted (Qiagen RNeasy Plus Mini Kit, Germantown, MD), reverse transcribed (Roche Transcriptor High Fidelity cDNA Synthesis Kit, Indianapolis, IN), and quantified by real-time polymerase chain reaction (qRT-PCR, Applied Biosystems 7900HT, Foster City, CA) using SYBR green. Data are normalized to 18S RNA in the same sample and further normalized to 22°C vehicle-treated chow-fed mice.

Western blot analysis {#S10}
---------------------

Protein was prepared using RIPA buffer, quantified (Pierce BCA Protein Assay Kit, Thermo Scientific, Rockford, IL), separated in 4--20% SDS-PAGE gels (10 μg/lane), transferred to PVDF membrane, and probed with anti-UCP1 (1:5000, U6382, Sigma-Aldrich), or anti-α-Tubulin (1:5000, T6074, Sigma-Aldrich). Signals were detected with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific), using exposure times appropriate to signal intensity.

Histology {#S11}
---------

Tissues were fixed in 10% formalin, embedded in paraffin, sectioned, stained with hematoxylin and eosin, and examined by light microscopy.

Data analysis {#S12}
-------------

Data were analyzed using unpaired t-tests or two-way ANOVA with Holm-Sidak post-hoc testing using Sigmaplot 12.5 (Systat Software Inc), as appropriate. Statistical significance was defined as 2-tailed p\<0.05.

Results {#S13}
=======

Effects of CL316243 in mice fed a chow diet {#S14}
-------------------------------------------

We treated 10-week old male C57BL/6J mice on a chow diet at either room temperature (22°C) or thermoneutrality (30°C) with CL316243 (25 μg/day) for 4 weeks. The effect of 30°C in vehicle-treated mice was to increase inguinal adipose tissue (iWAT), epididymal WAT (eWAT), BAT, and total fat mass, with no change in lean mass compared to mice at 22°C ([Figure 1A--C](#F1){ref-type="fig"}). Mice at 30°C ate 28% less (p\<0.001) and had a 30% (p\<0.001) lower estimated free-living energy expenditure, calculated by energy balance from the caloric intake and change in body weight and composition ([Figure 1D--E](#F1){ref-type="fig"}) ([@R27]).

CL316243 treatment decreased BAT and eWAT weights at 30°C, with no significant effect at 22°C ([Figure 1A--C](#F1){ref-type="fig"}). CL316243 increased food intake by 9% at 22°C (p=0.049) and 8% at 30°C (p=n.s.) and increased estimated energy expenditure by 10% at 22°C (p=0.025) and 14% (p=0.031) at 30°C ([Figure 1D--E](#F1){ref-type="fig"}).

BAT lipid droplets were larger at 30°C than at 22°C in vehicle treated mice, consistent with the greater adiposity ([Figure 2A](#F2){ref-type="fig"}). Ucp1 protein and mRNA levels were lower at 30°C than at 22°C, as were other BAT activation markers (*Dio-2, CytoC, Fgf21*) ([Figure 2B--C](#F2){ref-type="fig"}). There was no clear effect of 30°C on iWAT and eWAT histology (not shown). In iWAT there was a large reduction in *Ucp1* mRNA levels, while in eWAT the much lower 22°C levels were not reduced further by 30°C ([Figure 2D--E](#F2){ref-type="fig"}, [Table S1](#SD1){ref-type="supplementary-material"}). CL316243 treatment decreased BAT lipid droplet size and increased Ucp1 protein levels at both temperatures ([Figure 2A--B](#F2){ref-type="fig"}). CL316243 also increased *Dio-2* and *Cox8b* mRNAs at 30°C, but only *Dio-2* at 22°C ([Figure 2C](#F2){ref-type="fig"}). Overall these data are consistent with modest BAT activation and slight WAT browning with chronic CL316243 treatment.

In liver, there was no clear effect of either environmental temperature or CL316243 treatment on histology, weight, triglyceride content, metabolic mRNA levels (*Pgc1a, Cpt1a, Fgf21, Pepck, Fas, Scd1, Mcad*), or alanine aminotransferase levels ([Figure S1A--E](#SD1){ref-type="supplementary-material"}).

In this cohort, the vehicle group at 30°C unexpectedly had a lower fed and fasting glucose and improved glucose tolerance compared to 22°C ([Fig 3A, D--F](#F3){ref-type="fig"}); these findings did not replicate on the high fat diet (see below). At 30°C, insulin, triglyceride, and free fatty acid levels were elevated ([Figure 3B, H, I](#F3){ref-type="fig"}), with no significant change in cholesterol, β-hydroxybutyrate, adiponectin, leptin, free T3, or free T4 levels ([Figure 3H--M](#F3){ref-type="fig"}).

CL316243 treatment at 22°C significantly reduced fasting and fed glucose levels and improved glucose tolerance. At 30°C, fasting insulin, HOMA-IR, and glucose tolerance were significantly improved by CL316243 treatment ([Figure 3A--G](#F3){ref-type="fig"}). CL316243 also reduced triglyceride (30°C only), free fatty acid, and free T4 and increased adiponectin levels, with no significant effect on cholesterol, β-hydroxybutyrate, and free T3 ([Figure 3H--M](#F3){ref-type="fig"}). Serum leptin levels were proportional to fat mass in each group and were decreased by CL316243 at 30°C ([Figure 3K](#F3){ref-type="fig"}).

In summary, on a chow diet CL316243 treatment modestly activated BAT, causing increased energy expenditure and food intake, with no change in body weight and only a small decrease in fat mass. CL316243 treatment increased adiponectin, decreased free fatty acids, leptin (30°C only), and free T4 levels, and improved glucose homeostasis.

Effects of CL316243 in mice fed a high-fat diet {#S15}
-----------------------------------------------

We applied the same experimental design to mice fed a HFD starting at 6 weeks of age, with CL316243 treatment starting at 10 weeks of age. HFD treatment is commonly used to produce insulin resistance and obesity. Vehicle-treated mice at 30°C gained considerably more weight (predominantly as fat) than at 22°C, while eating less and expending less energy ([Figure 4A--E](#F4){ref-type="fig"}).

CL316243 treatment at 30°C selectively prevented this increased adiposity, while decreasing food intake (not taking into account the lower body weight) by 10% (p=0.10) and increasing energy expenditure by 15% (p=0.038) ([Figure 4A--E](#F4){ref-type="fig"}). At 22°C, the CL316243-treated mice showed no change in body weight or composition, with a 10% (p=0.064) increase in food intake and a 14% (p=0.011) increase in energy expenditure ([Figure 4A--E](#F4){ref-type="fig"}).

In vehicle mice at 30°C, BAT had larger lipid droplets and lower Ucp1 protein and *Ucp1* and *Fgf21* mRNA levels than at 22°C ([Figure 5A--C](#F5){ref-type="fig"}). At 30°C, CL316243 treatment reduced the BAT lipid droplet size, increased Ucp1 protein levels, and increased *Ucp1* and other BAT activity mRNA markers including *Cidea, Dio-2*, and *Cox8b* ([Figure 5A--C](#F5){ref-type="fig"}). At 22°C, only *Dio-2* was increased by CL316243 treatment ([Figure 5C](#F5){ref-type="fig"}). No obvious differences in iWAT and eWAT histology were observed (not shown). At 22°C, CL316243 increased iWAT and eWAT *Ucp1* and iWAT *Hoxc9* ([Figure 5D--E](#F5){ref-type="fig"}, [Table S1](#SD1){ref-type="supplementary-material"}). The fat depot type is the predominant determinant of *Ucp1* mRNA levels. Within each depot, multivariate regression ([Table S1](#SD1){ref-type="supplementary-material"}) demonstrated that *Ucp1* expression is regulated differently in iWAT (temperature \> drug ≫ diet) than in eWAT (drug \> diet \> temperature) or BAT (diet ≈ temperature ≈ drug).

At 30°C (vs 22°C), liver showed no change in histology, weight, and most mRNAs, but an increase in liver *Fgf21* mRNA and triglyceride levels, and in serum ALT levels ([Figure S2A--E](#SD1){ref-type="supplementary-material"}). CL316243 treatment had no significant effect on liver histology, weight, triglyceride, mRNA levels (except *Fgf21*, which was reduced by treatment at 30°C) or ALT levels ([Figure S2A--E](#SD1){ref-type="supplementary-material"}).

In vehicle mice at 30°C, insulin levels and HOMA-IR were higher, while glucose and glucose tolerance were similar, to measurements at 22°C ([Figure 6A--G](#F6){ref-type="fig"}). CL316243 treatment reduced fasting and fed glucose levels and improved glucose tolerance at both temperatures. Insulin levels and HOMA-IR improved at 30°C only ([Figure 6A--G](#F6){ref-type="fig"}).

At 30°C (vs 22°C), vehicle mice had increased serum triglyceride, Fgf21, and leptin levels, with no significant difference in cholesterol, free fatty acids, β-hydroxybutyrate, adiponectin, free T3, and free T4 ([Figure 6H--N](#F6){ref-type="fig"}). At 30°C, CL316243 treatment reduced the serum free fatty acid, leptin, Fgf21, free T3, and free T4 levels and increased adiponectin levels; most of these changes were also observed at 22°C ([Figure 6H--N](#F6){ref-type="fig"}). In summary, CL316243 treatment had similar effects on mice fed a HFD as those fed a chow diet, but with greater changes in some parameters.

Discussion {#S16}
==========

Effect of environmental temperature on energy homeostasis {#S17}
---------------------------------------------------------

This study examines the effect of environmental temperature on the treatment of obesity. The data confirm that housing mice at thermoneutrality causes inactivation of BAT and an increase in body weight due to increased adiposity, changes that are more pronounced on a high-fat diet ([@R4], [@R9], [@R10], [@R11], [@R12]). Insulin levels increase, possibly due to the increase in fat mass. Circulating triglyceride levels are also increased; flux studies will be required to characterize this effect at a mechanistic level.

It is unknown why, at thermoneutrality, the mouse reduces food intake less than the decrease in metabolic rate, causing the increase in adiposity. However, the metabolic response to reduced environmental temperature appears analogous to the response to increased physical activity ([@R28]). In both cases the animal in the unchallenged state (thermoneutrality or sedentary) shows increased adiposity. A small increase in energy expenditure (cooler environment or some physical activity) reduces adiposity, indicating an increase in energy expenditure in excess of the increase in food intake, while with further challenge (thermal or physical activity), the increase in food intake and energy expenditure are matched and the adiposity does not change further.

β3-agonist treatment and interaction with environmental temperature {#S18}
-------------------------------------------------------------------

β3-agonists activate WAT lipolysis and browning and BAT thermogenesis. We chose the C57BL/6J strain for these studies because it is commonly used in obesity and diabetes research. However, this genetic strain is a poor inducer of WAT *Ucp1* ([@R24]), consistent with the moderate changes in Ucp1 mRNA induced by CL316243 in our study. Oxidation of fatty acids released from WAT in tissues besides BAT contributes to thermogenesis. However, in chronically CL316243-treated mice the magnitude of this non-BAT thermogenesis is not known ([@R20]).

We show that treatment with CL316243 at 22°C activated BAT and increased energy expenditure, but also increased food intake sufficiently to prevent a significant reduction in body weight/adiposity. However, despite the unchanged adiposity, the glucose tolerance improved. These results agree with prior rodent studies of chronic β3-agonist administration below thermoneutrality, which typically show modest or no weight loss, but often reduced fat mass and improved glucose tolerance ([@R19], [@R23], [@R24], [@R29], [@R30], [@R31], [@R32], [@R33], [@R34]). In a single study, body weight reduction by 24-day CL316243 treatment ranged from none to 22% over eight mouse lines ([@R24]). A contributing reason why our 22°C CL316243 treatment did not significantly reduce adiposity is that the mice, particularly the chow-fed group, were relatively lean.

CL316243 treatment at 30°C also activated BAT and increased energy expenditure, while food intake increased on the chow diet but not on the HFD. However at thermoneutrality, the food intake change was less than the increase in energy expenditure for both diets, causing a reduction in adiposity and body weight and improved glucose tolerance ([Table 1](#T1){ref-type="table"}).

Chronic administration of CL314243 at 30°C caused a relatively small increase in energy expenditure (1.5 kcal/d in mice on HFD). For comparison, housing mice at 22°C vs 30°C increased energy expenditure by 3.8 kcal/day. Therefore, we were expecting to see little or no CL316243-induced increase in energy expenditure at 22°C, due to compensatory reduction of adaptive thermogenesis. To our surprise, CL316243 treatment at 22°C actually increased total energy expenditure by 2.0 kcal/d, slightly more than it did at 30°C ([Figure 7](#F7){ref-type="fig"}).

It is possible that a compensatory reduction in energy expenditure did not occur because the CL316243 dose was high enough to completely substitute for any reduction in BAT sympathetic tone. But if this is true, why is the increase at 30°C with CL316243 less than the adaptive thermogenesis increment? A possible explanation could be that BAT stimulation by CL316243 produces hormones or neural signals that cause an increase in food intake. An example is that BAT stimulation increases production of neuregulin-4 ([@R35]), but it is not known if this hormone affects food intake.

The clinical prospects for β3 agonism as a treatment for human obesity are unclear ([@R7]). Treatment for 28 days with the β3 agonist L-796568 did not have an effect on energy expenditure, body composition, or glucose tolerance in obese men ([@R36]). More recently, β3 agonists have entered clinical use for overactive bladder and Cypess et al. showed that large single doses of mirabegron activate BAT and increase metabolic rate in men ([@R37]). There are no clinical reports of mirabegron effects on body weight, food intake, or insulin resistance/diabetes. Other considerations regarding clinical use of β3 agonists include possible cardiovascular effects ([@R38]) and the influence of a genetic variation in the receptor. Our thermoneutral data suggest that increased weight loss efficacy would result from combining reduction in food intake with a β3 agonist.

Thermoneutrality, BAT, and drug efficacy {#S19}
----------------------------------------

CL316243 treatment is affected by thermoneutrality differently from DNP, the only other drug that has been studied in mice at thermoneutrality. When treated with DNP at a dose that increased energy expenditure at 30°C at an extent comparable to CL316243, there was no compensatory increase in food intake and adiposity was reduced ([@R15]) ([Table 1](#T1){ref-type="table"}, [Figure 7](#F7){ref-type="fig"}). In contrast, with CL316243 treatment at 30°C on the chow diet, there was an increase in food intake, preventing some of the otherwise larger loss of adiposity. The CL316243 result shows homeostatic regulation---as energy stores were depleted, the body replaced them. We do not know why this did not occur with DNP.

In contrast at 22°C, the DNP-mediated increase in energy expenditure was quantitatively nullified by a reduction in BAT energy expenditure. Again, this differs from the energy expenditure increase seen with CL316243 at 22°C, discussed above ([Table 1](#T1){ref-type="table"}, [Figure 7](#F7){ref-type="fig"}).

For comparison, chronic intermittent cold exposure looks physiologically similar to CL316243 treatment at 22°C, with increased energy expenditure and food intake with little or no effect on adiposity ([@R39]) ([Table 1](#T1){ref-type="table"} and [Figure 7](#F7){ref-type="fig"}).

Mouse experiments suggest a major role for BAT in glucose homeostasis. BAT transplantation increased energy expenditure, improved glucose tolerance at 8 weeks after transplantation, and reduced adiposity at 12 weeks ([@R40]). Both CL316243 treatment at 22°C and cold exposure also improved glucose tolerance, despite the increased food intake compensating for the increase in metabolic rate to the point that body weight/adiposity was not clearly affected ([@R39]) ([Table 1](#T1){ref-type="table"}, [Figure 7](#F7){ref-type="fig"}). These observations suggest that an increase in energy expenditure, rather than a decrease in adiposity, better correlates with improved glucose tolerance, at least in mice ([Table 1](#T1){ref-type="table"}).

In summary, the interaction between environmental temperature and CL316243 treatment is starkly different from the interaction between environmental temperature and DNP treatment reported previously ([@R15]). Therefore, each anti-obesity mechanism must be examined individually to understand how environmental temperature affects its efficacy.

Supplementary Material {#S24}
======================
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![Effect of CL316243 treatment on body composition and food intake in chow fed mice. A, body weight; B, fat mass; C, body composition; D, food intake ; E, estimated energy expenditure (EE). 10-week-old male mice were treated with CL316243 or vehicle for 4 weeks at the indicated temperatures. Fat pad mass was measured after 28 days of treatment. Body composition was measured after 3 weeks and thus estimated EE is averaged over first 3 weeks of treatment, avoiding the confounding effects of the testing done during the final week of drug treatment. Data are mean ± S.E.; n=8/group. \#, p\<0.05 for vehicle-vehicle comparison at different environmental temperatures; \*, p\<0.05 for vehicle-CL316243 comparison, within temperature. iWAT, inguinal white adipose tissue; eWAT, epididymal white adipose tissue; BAT, brown adipose tissue.](nihms679697f1){#F1}

![CL316243 effect in BAT and WAT in chow fed mice after 28 days of CL316243 or vehicle treatment. A, BAT histology; B, BAT Ucp1 protein; C, BAT mRNA levels; D, iWAT mRNA levels; E, eWAT mRNA levels. Scale bar, 20 μm. mRNA levels are normalized to 22°C vehicle. Data are mean ± S.E.; n=8/group. \#, p\<0.05 for vehicle-vehicle comparison at different environmental temperatures; \*, p\<0.05 for vehicle-CL316243 comparison, within temperature.](nihms679697f2){#F2}

![Effect of CL316243 on glucose homeostasis and circulating metabolites and hormones in chow fed mice. A, fasting blood glucose; B, plasma insulin before and 15 min after glucose administration; C, HOMA-IR; D, glucose tolerance test (GTT); E, area under the glucose excursion curve (AUC); F, fed blood glucose; G, fed serum insulin; H, total triglycerides and cholesterol; I, free fatty acids (FFA) and β-hydroxybutyrate (β-HB); J, adiponectin; K, leptin (the linear regression fit for each group is shown); L, free T3; M, free T4. GTT was conducted after 3 weeks of CL316243 or vehicle treatment with 4h fasting. After 26 days of treatment, serum was collected at 9am from fed animals to obtain fed glucose, insulin, and metabolite levels. Serum for the hormone levels was collected after 4h fasting at euthanasia, day 28 of CL316243 or vehicle treatment. Serum Fgf21 was below the limit of detection (\<375pg/ml). Data are mean ± S.E.; n=8/group. \#, p\<0.05 for vehicle-vehicle comparison at different environmental temperatures; \*, p\<0.05 for vehicle-CL316243 comparison, within temperature.](nihms679697f3){#F3}

![Effect of CL316243 treatment on body composition and food intake in high-fat diet (HFD) fed mice. A, body weight; B, fat mass; C, body composition; D, food intake; E, estimated energy expenditure (EE). Ten-week-old male mice with HFD started at 6-weeks of age were treated with CL316243 or vehicle for 4 weeks at indicated temperatures. Body composition was measured after 3 weeks and estimated EE is averaged over first 3 weeks of treatment. Weight, fat mass, and composition are mean ± S.E.; n=8/group (n=7 for 22°C vehicle). \#, p\<0.05 for vehicle-vehicle comparison at different environmental temperatures; \*, p\<0.05 for vehicle-CL316243 comparison, within temperature. iWAT, inguinal white adipose tissue; eWAT, epididymal white adipose tissue.](nihms679697f4){#F4}

![CL316243 effect in BAT and WAT in HFD fed mice. A, BAT histology; B, BAT Ucp1 protein; C, BAT mRNA levels; D, iWAT mRNA levels; E, eWAT mRNA levels. Scale bar, 20 μm. mRNA levels are normalized to 22°C vehicle from chow fed experiment. Mice were studied after 28 days of CL316243 or vehicle treatment. Data are mean ± S.E.; n=8/group (n=7 for 22°C vehicle). \#, p\<0.05 for vehicle-vehicle comparison at different environmental temperatures; \*, p\<0.05 for vehicle-CL316243 comparison, within temperature.](nihms679697f5){#F5}

![Effect of CL316243 on glucose homeostasis and circulating metabolites and hormones in HFD fed mice. A, fasting blood glucose; B, plasma insulin before and 15 min after glucose administration; C, HOMA-IR; D, glucose tolerance test (GTT); E, area under the glucose excursion curve (AUC); F, fed blood glucose; G, fed serum insulin; H, total triglycerides and cholesterol; I, free fatty acids (FFA) and β-hydroxybutyrate (β-HB); J, leptin (the linear regression fit for each group is shown); K, FGF21; L, adiponectin; M, free T3; N, free T4. GTT was conducted after 3 weeks of CL316243 or vehicle treatment at 12pm after 4h fast. After 26 days of treatment, serum was collected at 9am from fed animals to obtain fed glucose, insulin, and metabolite levels. Serum for the hormone levels was collected at euthanasia, day 28 of CL316243/vehicle treatment. Data are mean ± S.E.; n=8/group (n=7 for 22°C vehicle). \#, p\<0.05 for vehicle-vehicle comparison at different environmental temperatures; \*, p\<0.05 for vehicle-CL316243 comparison, within temperature.](nihms679697f6){#F6}

![Effect of environmental temperature on mechanisms that increase metabolic rate. Interventions are: **A**, 2,4-dinitrophenol (DNP) treatment ([@R15]); **B**, CL316243 treatment (CL, current work); and **C**, exposure to 4°C (cold) for 8 hours three times per week ([@R39]). Both CL316243 and cold treatment increased energy expenditure compared to the 22°C control, while DNP did not. All data are from C57BL/6J mice on a high-fat diet. Thermonetural energy expenditure is defined as 30°C vehicle; for the cold experiment it was calculated using the mean fraction (22°C vehicle/30°C vehicle) from the DNP and CL316243 experiments.](nihms679697f7){#F7}

###### 

Summary of intervention effects.

  Effect of:                       TEE    Food intake                                  Adiposity   ΔFI vs ΔTEE   GTT              Reference
  -------------------------------- ------ -------------------------------------------- ----------- ------------- ---------------- ------------------------
  30°C (vs 22°C)                   ↓      ↓                                            ↑           FI \> TEE     no Δ             Current work, ([@R15])
  CL316243 (vs vehicle, at 22°C)   ↑      ↑                                            no Δ        FI = TEE      improved         Current work
  CL316243 (vs vehicle, at 30°C)   ↑      partial ↑ [\*](#TFN1){ref-type="table-fn"}   ↓           FI \< TEE     improved         Current work
  DNP (vs vehicle, at 22°C)        no Δ   no Δ                                         no Δ        FI = TEE      no Δ             ([@R15])
  DNP (vs vehicle, at 30°C)        ↑      no Δ                                         ↓           FI \< TEE     improved         ([@R15])
  Cold (vs 22°C)                   ↑      ↑                                            no Δ        FI = TEE      trace improved   ([@R39])

Increase on chow, but not HFD.

TEE is total energy expenditure; FI is food intake; Δ FI vs Δ TEE indicates which change is greater, food intake or total energy expenditure; and GTT is glucose tolerance test. Data summarized are all from our laboratory using common methods.

What is already known about this subject {#S25}
========================================

-   Thermal physiology depends on body size

-   Mice are typically housed at environmental temperatures below thermoneutrality, while humans live close to thermoneutrality

-   β3-adrenergic agonists activate adipose tissue and are being considered for treatment of obesity

What this study adds {#S26}
====================

-   β3-adrenergic agonist treatment reduced adiposity more at thermoneutrality (30°C) than at 22°C

-   β3-agonist treatment increased metabolic rate similarly at thermoneutrality and 22°C

-   The effect of environmental temperature is different for different anti-obesity drug mechanisms, as evidenced by comparing β3-agonism to dinitrophenol uncoupling
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